Cancer is a genetic disease caused by mutations in somatic cells. Those that carry advantageous mutations are favoured by natural selection. In most cancers, genetic instability increases mutation rate and facilitates cancer cell evolution. Microsatellite instability (MSI), due to defects of the DNA mismatch repair system, affects in particular repeat sequences (microsatellites) scattered throughout the genome. As mutations in expressed genes are more likely to be functional, we developed a procedure for the systematic identi®cation of mutant repeat-containing expressed sequences (ampli®ca-tion of repeat-containing transcribed sequences, ARTS). The entire cell mRNA was converted into short double-stranded cDNA fragments linked to an adapter at both ends. Repeat-containing cDNA fragments were PCR ampli®ed using the adapterspeci®c primer in combination with different arbitrary primers including the repeat. ARTS yielded discrete PCR products with lengths that were directly correlated to the lengths of the endogenous repeats. Comparison between ARTS products obtained from control cells and cancer cells with microsatellite instability (MSI+) revealed mRNAs carrying insertions or deletions at repeats. The subsequent sequencing allowed the identi®cation of a series of frameshift-mutated mRNAs in MSI+ cancer cells, including the already described mutant BAX transcript. These data show that ARTS provides an unbiased genome-wide approach to the discovery of functionally relevant genes that could be affected by MSI in cancer.
INTRODUCTION
Cancer initiates as a result of mutation in a single gene in a progenitor cell. Subsequent mutations in the offspring of this cell and waves of clonal expansion give rise to daughter cells showing a growth advantage (reviewed in 1). The initiators and the targets of this multi-step progression are activated oncogenes and inactivated tumour suppressor genes, of which altered caretaker genes increase variants for the forces of selection to act upon. In tumours an abnormally high level of genetic instability might cause alterations to accumulate throughout the many tumour cell divisions. There are several completely distinct forms of genetic instability (reviewed in 2). One of the best understood is that arising from inactivation of DNA mismatch repair genes that gives rise to instability at the nucleotide level, because naturally occurring replication errors cannot be repaired effectively (reviewed in 3). This instability is easier to observe at short DNA sequences scattered throughout the genome called microsatellites and is thus known as microsatellite instability (MSI).
MSI is the hallmark of tumours arising in hereditary nonpolyposis colorectal cancer syndrome (4) , one of the commonest hereditary cancer syndromes, and it is also observed in 10±15% of sporadic colorectal (5), gastric (6) and endometrial (7) cancers. The base level of genetic instability characterising these tumors makes it dif®cult to establish which genetic alteration plays a role in tumourigenesis. The de®nition of real' target genes for MSI involves studying their mutation frequency in tumours and the effect of mutation on the expression and activity of the encoded proteins (reviewed in 8, 9) . Mutations due to MSI were originally described mainly in non-coding sequences (10) . However, using the candidate gene approach, i.e. studying sequences relevant to critical cellular pathways, approximately 30 genes were found mutated within their coding sequences (CDS) due to mismatch repair defects (reviewed in 9,11). More recently, the huge amount of sequence information contained in public databases enabled genome scanning for new candidate target genes. In MSI+ tumours, the slippage mistakes made by DNA polymerase at repeat sequences are not effectively repaired due to defects in DNA mismatch repair. Tracts of repeat sequences are therefore particularly vulnerable to mutations (reviewed in 12). Thus, the reported genome-wide scans were focused on coding DNA microsatellites, and mutational screenings were performed of the identi®ed loci in MSI+ cancer (13±17). Several mutations have been identi®ed, but it is again dif®cult to distinguish the few cancer-driving mutations from a possible vast majority of so-called bystander or passenger alterations. Most of the mutational screenings of MSI+ cancers are focused on tracts of mononucleotide repeats, where base insertion and deletion are especially harmful as the resulting frameshifts are predicted to generate aberrant transcripts. Aberrant transcripts are either translated into non-functioning proteins or degraded by the mRNA surveillance system. Therefore, in all cases, functional studies should ®rst determine if a mutated gene is expressed in normal tissue and if and how its mutant version is expressed in corresponding tumours. We were interested to know if the already identi®ed putative MSI target genes are expressed in the relevant tissues, for example in colorectal tissues, and carried out their expression analysis in these using gene chips. We report here that most of the putative MSI targets identi®ed are barely expressed in normal and cancerous human colorectal tissues. Then, we conceived a procedure for the systematic identi®cation of mutant repeat-containing expressed sequences. Here we show the set-up and application of a novel transcriptome-wide strategy that allows identi®ca-tion of mutations in expressed genes in cancer.
MATERIALS AND METHODS

Cell lines
The following colorectal carcinoma-derived cell lines were used: the non-MSI SW480 and the MSI+ DLD1/HCT15 and HCT116, purchased from the American Type Culture Collection (ATCC, Manassas, VA).
mRNA isolation
Cytoplasmic RNA was isolated from cultured cells using the ConcertÔ Cytoplasmic RNA Reagent (Invitrogen, Carlsbad, CA); mRNA was isolated from cytoplasmic RNA using a mRNA Isolation Kit (Roche, Mannheim, Germany). Total and poly(A) + RNA integrity and quality were critical and were thoroughly checked by gel electrophoresis, northern blot and quantitative RT±PCR with the TaqMan assay using housekeeping gene probes.
cDNA synthesis
First-strand cDNA was synthesised from 5 mg of mRNA in a reaction buffer containing 1Q M-MLVRT reaction buffer (Promega, Madison, WI), 250 ng random hexanucleotides (Invitrogen), 5 mM dithiothreitol (Invitrogen), 0.25 mM dNTPs (Invitrogen), 5 ml of M-MLVRT(H-) enzyme (Promega) in DEPC-treated H 2 O; the reaction was incubated for 1 h at 37°C. Second-strand synthesis was performed on the ®rst-strand reaction product in a buffer containing 1Q Second Strand Buffer (Invitrogen), 0.2 mM dNTPs, 5 U Escherichia coli T4 DNA ligase (MBI Fermentas, Vilnius, Lithuania), 5 U Klenow fragment (MBI Fermentas), 2 U E.coli RNase H (Invitrogen) in DEPC-treated H 2 O. The reaction was incubated for 2 h at 16°C, then 10 U of T4 DNA polymerase was added and incubated at 16°C for 5 min. The reaction was stopped with 33 mM EDTA and heated to 70°C for 10 min. Double-stranded (ds)-cDNA was then extracted with phenol: chloroform (1:1) pH 8 and precipitated with ammonium acetate and ethanol.
Digestion and ligation
The ds-cDNA was digested with NlaIII (New England Biolabs, Beverly, MA) at 37°C for 1 h. As digestion is a critical step, it was thoroughly checked by means of control ampli®cations. Each fragment was ligated to an adapter using T4 DNA ligase (Invitrogen) at 16°C for 1 h. The adapter sequence was designed according to one sequence used as a linker in SAGE protocols (18) , and is as follows: 5¢-GGATTTGCTGGTGCAGTACACATG-3¢ (Ad primer). The adapter was phosphorylated and annealed to the complementary primer: 5¢-TGTACTGCACCAGCAAATCC-3¢. We veri®ed that these primers do not amplify any sequence from human cDNA.
Extension of repeat-containing sequences
cDNA fragments ligated to adapters were ®rst linearly ampli®ed using 0.7 mM speci®c repeat-anchoring primer (R-An primer, Fig. 1 ), made of the following modules: the universal sequence (US) (5¢-CTAATACGACTCACTA-TAGGGCGC-3¢) followed by the arbitrary repeat-anchoring trinucleotide (RAT) and the 6 nt repeat-speci®c sequence (RSS). The reaction was carried out for 3 min at 95°C, for ®ve cycles of 30 s at 94°C and for 2 min at either 42°C in the case of (A) 6 -R-An primers or 47°C in the case of (G) 6 -R-An primers, in a reaction buffer containing 1Q PCR buffer minus Mg (Invitrogen), 1 mM MgCl 2 , 0.2 mM dNTPs, 0.1 mCi/ml [ 33 P]dCTP (Amersham-Biosciences, Freiburg, Germany) and 0.05 U/ml Platinum Taq DNA polymerase (Invitrogen).
PCR step
The linearly ampli®ed cDNA products were exponentially ampli®ed with 0.7 mM speci®c R-An primer and 0.7 mM Ad primer in the same reaction buffer used for the linear extension, containing PCR product separation and sequencing ARTS products were separated on 6% denaturing polyacrylamide gel, dried and exposed. Selected bands were cut from the gel and DNA was extracted by boiling gel pieces for 15 min. The extracted products were re-ampli®ed with the speci®c R-An primer and the Ad primer under the same conditions used for exponential ampli®cation. The PCR products were puri®ed by a JETquick Gel Extraction Spin Kit (GENOMED) and sequenced using a Thermo Sequenase 
Microarray screening
Total RNA was extracted from four samples of normal colorectal mucosa obtained from informed patients operated on for either diverticulitis or rectum prolapse. RNA was isolated from freshly frozen tissues with guanidiniun thiocyanate. Its integrity and quality were critical and were thoroughly checked by gel electrophoresis, northern blot and quantitative RT±PCR with the TaqMan assay using housekeeping gene probes. Generation of the hybridisation mix for Affymetrix GeneChip analysis was carried out according to standard Affymetrix protocols. Brie¯y, ds-cDNA was synthesised from 20 mg total RNA using the Superscript Choice System (Gibco BRL) with an HPLC-puri®ed oligo(dT) primer containing a T7 RNA polymerase promoter (Sigma Genosys) following the manufacturer's instructions. In vitro transcription was carried out with 1 mg cDNA using an Enzo BioArray RNA transcript labeling kit (Enzo Diagnostics, Farmingdale, NY). Aliquots of 20 mg of biotinylated cRNA were fragmented and hybridised to Human Genome HG-U133Av2 GeneChips, which were subsequently washed, stained and scanned according to the Affymetrix protocols at the BioGeM Affymetrix Facility (Naples, Italy). Affymetrix MAS5.0 software was used to normalise and scale results. For each sample, out of 22 091 probe sets explored, 10 200 T 420 were called expressed (present or marginal expression call). Considering the whole experiment, 9619 probe sets (43%) were called expressed in at least three of four samples, of which 7795 (35%) were called expressed in all four samples. This indicates good quality of the starting material and of the microarray analysis procedure. By studying the distribution of the expression level with respect to the expression call, we subdivided the probe sets into three subgroups, expressed, borderline and not expressed (data not shown), respectively.
Sequence database scanning for repeats
A systematic screening of human CDSs and 3¢-untranslated regions (3¢-UTRs) containing stretches of homopolymeric repeats, as well as di-and trinucleotide repeats, was done by means of Perl scripts. In the screening, a minimum of seven mononucleotides, four dinucleotides and three trinucleotides was required as the lower limit of the repeats. The number of sequences containing at least one of the above-mentioned repeats was searched in 15 181 sequences present in release 14 of the 3¢-UTR database (19) and in 45 425 CDSs present in the human reference coding sequences database (ftp.ncbi.nih.gov/ refseq) downloaded in April 2002.
Expression database analysis
SAGE tags databases of normal and tumour colorectal tissues were retrieved from http://www.ncbi.nlm.nih.gov/geo (NC1, GSM728; NC2, GSM729; TU98, GSM756; TU102, GSM755) and tags related to 98 putative MSI target genes were extracted using a Perl script. A list of the 98 genes studied is available from the authors. The medium level of expression was considered to be below 60 tags per million, which incorporates 90% of the transcripts detected by SAGE. Expression information for the 41 of 98 putative MSI target genes represented in the microarray dataset of normal and colorectal cancer tissues obtained by Nottermann and co-workers was extracted from http://microarray.princeton.edu/oncology/ Data/CarcinomaNormalDatasetCancerResearch.txt using Perl scripts. These data were obtained using the MAS4 Affymetrix software and centred to an average signal of 50 intensity units. We therefore divided the data set into three groups: unexpressed genes, showing an average expression level <0 intensity units (21.7% of genes); genes expressed at medium to low level, showing an average level of expression between 0 and 400 intensity units (75.5% of genes); highly expressed genes, showing an average expression level >400 intensity units (2.56% of genes).
Accession numbers
BMP7 (bone morphogenetic protein 7), GenBank accession no. NM_001719; Porin 31HM cDNA, LOC158553, GenBank accession no. XM_018142; PP610, GenBank accession no. AF177331; IMPD2 transcript, GenBank accession no. BC015567; BAX b gene CDS, GenBank accession no. L22474; PIG-T mRNA, GenBank accession no. AB057724; PACE mRNA (paired basic amino acid cleaving enzyme), GenBank accession no. NM_002569; WNT16 mRNA, GenBank accession no. NM_016087; DSTN, GenBank accession no. NM_006870; NDUFC2, GenBank accession no. NM_004549; ZMPSTE24, GenBank accession no. NM_005857; KIAA0905, GenBank accession no. AB020712; P4HB, GenBank accession no. NM_000918; MBD4, GenBank accession no. NM_003925.
RESULTS
Expression of known putative target genes in human colorectal mucosa
Several studies have recently reported a number of candidate target genes of MSI in colorectal cancers. We studied expression of 98 genes found mutated at coding microsatellites in 5±58% of MSI+ colorectal cancers (9,13±17). We ®rst examined expression of their CDS in human normal colorectal mucosa by high density oligonucleotide (HDO; Affymetrix) microarrays. Within this chip, 77 of 98 of the abovementioned putative MSI target genes were represented by at least one probe set. Among these 77, only 18 genes were found to be consistently expressed. Only the ®ve (6%) genes DSTN, NDUFC2, ZMPSTE24, KIAA0905 and P4HB were found expressed at high level, i.e. not only`called as present' but also showing a high signal.
To con®rm our experimental data, we also checked the expression levels of these putative target genes reported in databases available online. In serial analysis of gene expression databases of normal colorectal mucosa and colorectal cancers, only two (MBD4 and P4HB) out of the 98 putative MSI target genes were found expressed over a medium level. Expression of the same 98 genes was also investigated in a microarray dataset obtained by Notterman and co-workers from normal and neoplastic colorectal tissues (20) . Forty-one out of 98 genes were represented in Notterman's data set. Ten of these 41 genes were not expressed, while the remaining ones were expressed at a medium to low level. There were no highly expressed genes.
In conclusion, most of the genes identi®ed as putative MSI targets are barely expressed in normal and cancerous human colorectal tissues, with a distribution overlapping that of the whole set of explored genes. This indicates that genes found with DNA-scanning methods are probably not any more functionally relevant in colon tissues than any other gene, and that their mutant versions are unlikely to have been selected during tumour progression.
Identi®cation of messenger RNAs containing repeats in the human transcriptome
To identify mutations in expressed genes, we conceived an RT±PCR-based procedure. Again we focused analysis on repeats, these being particularly susceptible to MSI, as mentioned before. To predict the number of repeats to be analysed in a transcriptome-wide approach, we examined those extracted from the CDS human reference sequences and 3¢-UTR databases for mononucleotide, dinucleotide and trinucleotide repeats. Neither database analysed contains redundant sequences. We found that essentially all the extracted sequences contain at least one repeat, the short mononucleotide repeats being more frequent than di-and trinucleotide repeats, and A/T repeats being more frequent than G/C repeats. As an example, out of 45 425 CDSs listed in the database, we found that 2628 (5.7%) CDSs contain (A) 7 , 2754 (6%) contain (T) 7 , 112 (0.25%) contain (G) 7 and 224 (0.4%) contain (C) 7 . Out of 15 181 3¢-UTRs, 1883 (12.4%) contain (A) 7 , 2223 (14.6%) contain (T) 7 , 43 (0.28%) contain (G) 7 and 58 (0.38%) contain (C) 7. As expected, we found that short repeats are more frequent than the longer ones in CDSs and that a threshold length of six bases allows detection of repeats in almost all CDSs.
Validation of ARTS for the detection of transcripts containing mononucleotide repeats
To identify transcripts mutated because of either insertion or deletion of bases in MSI+ cancer cells, we developed an RT±PCR-based approach aimed at amplifying repeats and thē anking sequences (ARTS) (Fig. 1 ). All the cell mRNAs were converted into ds-cDNA and subsequently digested to yield ds-cDNA fragments of 200±500 bp. Each fragment was ligated to an adapter at both ends. PCR products were obtained by amplifying sequences encompassing the adapter and any given repeat recognised by a repeat-anchoring primer (R-An primer, Fig. 1B) . As MSI frequently causes insertion and deletion of bases at repeat sequences (frameshift mutations) that are particularly deleterious, we focused on mutations detectable as length changes of PCR products containing repeats (Fig. 1C) . The direct comparison of the length of each PCR product obtained from MSI+ tumour cells and from cells without MSI allows the identi®cation of mutated transcripts.
We used either MSI+ or non-MSI colorectal cancer cell lines to set up ARTS. Using an R-An primer (Fig. 1) made of three arbitrary bases and either (A) 6 or (G) 6 sequences, we obtained ARTS PCR products that can be separated as discrete bands in sequencing gels (Figs 1±3). After puri®cation from a gel and sequencing, these bands showed, as expected, the same or a higher number of mononucleotides corresponding or complementary to those included in the R-An primer (Figs 2  and 3 ). Thanks to the use of ds-cDNAs linked to the adapter at both ends, each (A) 6 -R-An primer (listed in Fig. 1 ) ampli®ed either (A) n > 5 or (T) n > 5 containing cDNA fragments (Fig. 2) and each (G) 6 -R-An primer ampli®ed either (G) n > 5 or (C) n > 5 containing cDNAs (Fig. 3) . It is worth noting that the poly(A) + tails of mRNAs are not ampli®ed, as this (A) n is not¯anked by any bases at their 3¢ end. In each ARTS product, the¯anking sequence contained between one and three bases identical to those of the RAT of the speci®c R-An primer (Figs 2 and 3) . Thanks to the use of randomly primed reverse transcription, ARTS evenly detected short and long transcripts and ARTS PCR products equally represented sequences near the 3¢ and the 5¢ mRNA ends. In most cases the co-migrating bands ampli®ed from different colorectal cancer cell lines had the same sequence (data not shown), although sometimes expressed at different levels. In many cases, the ampli®ed bands correspond to transcripts of genes expressed at very low level in SAGE and microarray experiments (data not shown).
In conclusion, ARTS succeeded in generating a microsatellite ®ngerprint speci®cally restricted to mRNAs of expressed genes. On the basis of our results, 24 R-An primers are suf®cient to analyse all the cell transcripts containing any given mononucleotide repeat of six bases or more (Fig. 1) . Each of these primers is expected to generate~100±500 PCR products (of 50±500 bp), which can be ef®ciently separated on conventional sequencing gels and compared between MSI+ and non-MSI cells or tissue samples. The same procedure can be used to identify transcripts containing di-or trinucleotide repeats, given that PCR conditions are changed.
Detection by ARTS of transcripts mutated at mononucleotide repeats
As shown in Figure 2 , using one of the (A) 6 -R-An primers we identi®ed ARTS products showing one or two base different migration in cell lines. The bands were cut and the incorporated DNA was re-ampli®ed using the same R-An primer. Sequencing of the resulting PCR products showed that ARTS effectively identi®ed insertions and deletions at A repeats, primarily located in the mRNA 3¢-UTRs. This was expected, as the (A) n > 5 repeats are slightly more frequent in the 3¢-UTRs than in CDSs and repeat mutations in UTRs are less likely to be counter-selected. All the mutations found were con®rmed by analysing the same cell genomic DNA (data not shown).
To our surprise, the experiment shown in Figure 2 did not identify mutated transcripts of the TGFbRII, caspase 5 and MBD4 genes, whose mutations at (A/T) n repeats were found in the DNA of the cell lines examined (reviewed in 9). It is known that the consequence of TGFbRII gene mutation in MSI+ colorectal cancer samples and cell lines is transcript instability (21) . By using speci®c RT±PCR we found barely detectable amounts of TGFbRII mRNA in MSI+ cell lines examined. Mutant TGFbRII mRNA was detectable with the ARTS approach only if an (A) 6 primer with TGFbRII-speci®c bases was used at more stringent ampli®cation conditions (data not shown). Conversely, caspase 5-speci®c RT±PCR showed that this gene is not expressed in the cell lines analysed (data not shown). For MBD4, the corresponding cDNA was not ampli®ed in the experiment shown in Figure 2 , as none of the arbitrary bases of the used R-An primer¯ank the (A) 10 repeat present in the MBD4 transcript.
Using one of the (G) 6 -R-An primers (Fig. 3) , frameshift mutations were identi®ed in translated sequences of transcripts more frequently than in their 3¢-UTR, as expected; in fact, (G) n > 5 and (C) n > 5 homopolymeric repeats were more frequent in the translated mRNA sequence. All the mutations found were con®rmed by analysing the same cell genomic DNA (data not shown). Among the mRNAs identi®ed, we found the BAX gene transcript, showing the G deletion in the ATG(G 8 )AG stretch in exon 3 already described in MSI+ cell lines (22) . Using the same primer, we also found mutations in the WNT16, PACE and PIG-T gene transcripts (Fig. 3 ).
DISCUSSION
We have described here a novel procedure, that we named ARTS, and have shown that it is a genome-wide and unbiased method for recognising insertions and deletions at repeat sequences of expressed genes in MSI+ cancers. The putative MSI target genes identi®ed by ARTS will need further validation (8) . However, other than its value as a mutational scanning method, ARTS provides functional clues to the Figure 1 . Description of the ARTS procedure and expected results. (A) Schematic¯owchart representation of the procedure for obtaining ARTS products from a total transcriptome. As a ®rst step, mRNAs are puri®ed, reverse transcribed and converted into ds-cDNAs. The ds-cDNA population is then digested with a restriction endonuclease (NlaIII) that is expected to cleave most reverse transcripts at least once, generating 200±500 bp long ds-cDNA fragments. The fragments are subsequently ligated to an adapter (Ad), here indicated as ARTS-Ad. To speci®cally enrich for repeat-containing sequences, linear ampli®cation is performed using a repeat-anchoring primer (R-An primer), designed as described in (B). Five linear ampli®cation cycles are performed so that the anchoring (RAT) and repeat-speci®c (RSS) parts of the R-An primer are both required to achieve speci®c annealing. After the enrichment step, repeat-containing sequences are PCR ampli®ed at high stringency using the same R-An primer and the ARTS-Ad primer, the latter speci®cally designed to avoid adapter±adapter ampli®cation. (B) Design of the repeat-anchoring (R-An) primer. The R-An primer is composed of three modules, in 5¢®3¢ order: (i) a universal sequence (US), common to all R-An primers, which increases the ef®ciency of the ®nal PCR ampli®cation step; (ii) an arbitrary repeat-anchoring trinucleotide (RAT), which not only prevents slippage, but also de®nes the three bases immediately 5¢ to the repeat being located at the 5¢ end; (iii) a repeatspeci®c sequence (RSS), which contains the repeat to be explored. (C) Graphical representation of the expected ARTS products and their migration in PAGE, highlighting the differences between a PCR product containing a wild-type repeat or its longer and shorter versions, deriving from insertions and deletions, respectively. Due to the fact that the R-An primer is anchored 5¢ of the repeat, the size of the ARTS product will be directly dependent on the repeat length.
identi®cation of mutated genes in MSI+ tumours, as: (i) it studies only genes that are expressed; (ii) it ampli®es short mononucleotide repeats that are far more frequent in CDSs, but in general less frequently mutated than the longer ones in MSI+ cancers; (iii) by introducing a PCR-based ampli®cation step, it allows the exploration of genes expressed at low levels and consequently it permits detection of genes other than housekeeping or structural protein coding genes; and (iv) it detects CDS frameshift mutations that result in truncated proteins, which are likely to turn into inactive proteins or, less frequently but importantly, into proteins with transdominant or novel functions (23) .
ARTS allows an unbiased search of MSI target genes, as it is based on the random fragmentation of mRNAs and ampli®-cation of unknown sequences separating any repeat and an exogenous adapter. Unlike candidate gene studies, the ARTS approach to gene mutation discovery offers the advantage of removing preconceived biases regarding speci®c genes in cancer. Thus ARTS has the potential to identify novel cancerrelated genes and new pathways of growth control. Although it has been demonstrated that a ®nite number of critical pathways controlling cell birth and death are likely to be affected in tumour progression (reviewed in 1), it is expected that different members of the same or related pathways are involved in different cancers. A good example involves the members of the RAS±RAF±ERK pathway, which mediates cell responses to growth signals and is implicated in the onset and progression of several human malignancies. In >50% of all colorectal cancers RAS is mutated to an oncogenic form. The MSI+ subset of sporadic colorectal cancers have a lower incidence of K-RAS mutation but a higher incidence of B-RAF mutation than tumours showing no defect in the mismatch repair system (24) . These data support the idea that each tumour type progresses through mutations in the same cellular pathways, but that the spectrum of genes and mutations depends on the nature of the underlying causes and mechanisms, for example on different kinds of genetic instability.
To attain a genome-wide screening we have exploited the properties of primers created for arbitrarily primed PCR (25) and inter-simple sequence repeat (inter-SSR) PCR (26) , which are global strategies originally designed to quantitate genetic instability. Arbitrarily primed PCR demonstrated that a single arbitrary primer allows the ampli®cation of several related sequences, when used in PCR including a few cycles at low stringency. In inter-SSR PCR, short repeat-containing primers, anchored at the 3¢ end, amplify products representative of the entire genomic DNA; the obtained products purposely do not contain the repeat sequences, but sequences between repeats in those cases where repeats are within a few kilobases of each other and in inverted orientation. In procedures that apply inter-SSR PCR to sequence identi®cation (27, 28) , PCR is followed by sub-cloning of the ampli®ed products, as the inter-SSR PCR products do not contain any known sequence useful for direct sequencing. In ARTS the goals were different. We ampli®ed repeats together with the unknown¯anking sequences by anchoring the repeat-containing primers at the 5¢ end. In addition, by linking cDNA fragments to adapters we were able to directly re-amplify PCR products and to identify the intervening sequences.
ARTS enables frameshift mutation identi®cation not only in long, but also in short repeats, which are more frequent in coding sequences but less frequently mutated in general. By in silico selection of potential targets, based on the search for coding microsatellites, we found that target genes may be all the expressed genes, as >90% of the coding sequences deposited in GenBank contain repeats: a threshold length of six bases allows detection of repeats in almost all CDSs. It is well known from studies of both mammalian and lower eukaryotic cells that the frequency of mutation in microsatellites is dependent on the number of the repeats in the tract, and that A or G tracts of 9 bp or fewer are mutated in less than 5% of cancers with MSI. Therefore, when ARTS detects frameshift mutations in short expressed microsatellites, it is more likely that the identi®ed mutations have been selected during tumour progression.
ARTS allows direct mutational screening of expressed genes and the straight comparison of normal and tumour transcripts. We considered that, although in MSI cancers the high background of instability generates thousands of genomic alterations, only expressed genes whose mutation leads to functional consequences are selected during tumour progression. We veri®ed that several putative MSI target genes, found mutated in colorectal cancers, are barely or not expressed either in the normal or in colorectal tumour tissues or in both. Therefore we developed ARTS, which decreases the chance of coming across`innocent' bystander mutated sequences and non-pathway mutations.
We cannot rule out that ARTS could underestimate the number of frameshift mutations due to failure to detect very low abundant transcripts or transcripts showing instability. In fact it has already been demonstrated that aberrant transcripts can be degraded by a speci®c RNA surveillance complex (reviewed in 29) . This is the case of mutant TGFbRII (21), which we did not detect with ARTS. We did not highlight this feature of the ARTS results, i.e. different intensities or absence of some PCR products in the direct comparison of parental and neoplastic cells, as ARTS cannot be regarded as a quantitative method. However, a striking increase or decrease in a certain ARTS product amount could also give information on expression variation of the corresponding transcript.
Using ARTS we have identi®ed a number of frameshift mutated transcripts in MSI+ colorectal cancer cell lines. These transcripts can be important. In fact, although it has been shown that, at the genomic level, mutational events are signi®cantly higher in MSI+ cell lines than in primary tumours (15) , the same genes have been found mutated in cell lines and tumours in most cases. The identi®cation by ARTS of a mutated BAX transcript, already described by many authors in MSI+ cancer cells (22, 30, 31) , gives proof-of-concept evidence of the protocol suitability.
The mutant transcripts we identi®ed and others that ARTS can detect should be validated as functionally relevant, according to the criteria proposed at the Bethesda consensus meeting to de®ne target genes for instability in human cancers (8) , bearing in mind more recent observations (9) . ARTS, by detecting frameshift mutations in genes expressed in normal and tumour tissues gives preliminary clues to their functional relevance. Frameshift mutations can result in truncated proteins that are likely to be inactive. Although rare, the translation of a frameshift peptide that could acquire transdominant or novel function might be particularly important. In addition, ARTS can amplify in each cell line or tumour both the mutant and the wild-type alleles. Therefore, ARTS pro®les in which the wild-type counterpart of a mutant allele is not ampli®ed are likely to be highly relevant. In fact, this kind of ARTS pro®le can indicate biallelic inactivation due to mutation of the same repeat tract in both alleles or to either loss or epigenetic silencing of the wild-type allele.
In conclusion, in the post-genomic era we have developed a tool useful for the identi®cation of mutated expressed genes in cancer, with the potential of contributing to the identi®cation of new cancer genes and pathways. By increasing the probability of identifying functional genetic alterations, ARTS-driven transcriptome-wide mutational screening of expressed sequences can help in focusing more complex functional assays onto a restricted number of genes.
The value of this approach to cancer gene identi®cation goes beyond the MSI model. In fact, genetic and epigenetic processes may lead to gene activation or inactivation through different mechanisms, but the recurring theme is the same: mutations in crucial genes controlling cell proliferation and homeostasis confer a selective advantage to cancer cells. Therefore, expressed genes identi®ed by ARTS as mutated at repeats in MSI+ cancers might indeed be of general importance if altered through other mechanisms in non-MSI cancers.
